Introduction
============

Chronic myelogenous leukemia (CML) is a myeloproliferative disorder in which leukemic cells display the Philadelphia chromosome generated from a reciprocal t(9:22) (q34:q11) translocation.[@b1-jbm-10-001] The chromosome 9 and chromosome 22 transposal of t (9:22) and (q34:q11) causes the cancer gene C-ABL at 9q34 to link with the BCR gene at 22q11, forming the BCR--ABL gene on chromosome 22.[@b2-jbm-10-001] Before the era of tyrosine kinase inhibitor (TKI) therapy, the main therapeutic option for patients with CML was an allogeneic stem cell transplantation with the aim of achieving complete remission. Unfortunately, the outcomes of this strategy remain suboptimal.[@b3-jbm-10-001] However, the prognosis of CML patients presenting in the chronic phase has changed dramatically since the introduction of TKI therapy,[@b4-jbm-10-001] in which treatment objectives are now focused on achieving a deep molecular response (DMR).[@b5-jbm-10-001],[@b6-jbm-10-001] Patients with a sustained DMR have no significant risk of CML progression or CML-related death, so the likelihood of a new increase in the number of leukemic cells is quite low; thus, this treatment option is considered to be relatively safe.[@b7-jbm-10-001]

Among the various types of TKIs, dasatinib has unique characteristics in that it is a multi-kinase inhibitor that acts on SRC-family kinases, as well as on BCR--ABL, c-kit, EPHA2, and PDGF receptor.[@b8-jbm-10-001],[@b9-jbm-10-001] Studies have shown that dasatinib increases the number of lymphocytes in circulation, particularly natural killer cells and/or cytotoxic T lymphocytes which present as large granular lymphocytes (LGLs) with a differentiated immune phenotype.[@b10-jbm-10-001],[@b11-jbm-10-001] In addition, the incidence of LGLs has been shown to be closely associated with a favorable treatment response.[@b12-jbm-10-001] Taken together, these studies indicate that dasatinib potentially modulates the host immune response.

CD4^+^ regulatory T cells (Tregs) play a critical role in the maintenance of peripheral tolerance by suppressing the activation and proliferation of immune cells.[@b13-jbm-10-001],[@b14-jbm-10-001] Tregs express cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) and the transcription factor Foxp3.[@b13-jbm-10-001] Soluble CTLA-4 (sCTLA-4) can modulate and terminate immune responses.[@b15-jbm-10-001] Several studies have shown that sCTLA-4 levels are altered in patients with certain autoimmune disorders.[@b15-jbm-10-001],[@b16-jbm-10-001] However, to our knowledge, sCTLA-4 levels have not previously been investigated in patients with CML receiving treatment with TKIs.

In the present study, we assessed the levels of various biomarkers, specifically interleukin (IL)-6, platelet-derived microparticles (PDMPs),[@b17-jbm-10-001]--[@b20-jbm-10-001] soluble vascular cell adhesion molecule 1 (sVCAM-1), transforming growth factor (TGF) β~1~, and sCTLA-4, in TKI-treated patients with CML. The purpose of this study was to measure the fluctuations in the levels of sCTLA-4, TGFβ~1~, and PDMPs, and to clarify the clinical significance of these biomarkers during dasatinib therapy in patients with CML.

Patients and methods
====================

Patients
--------

The study cohort included 67 patients with CML, who received TKI treatment (imatinib, 25; nilotinib, 18; and dasatinib, 24), selected among those admitted to our hospital between September 2011 and November 2017. The standard diagnosis of CML was made with reference to the European Leukemia Net.[@b21-jbm-10-001] All patients were untreated upon their first examination. A control group comprising 10 healthy volunteers was also included. This study was conducted in accordance with the Declaration of Helsinki. The study protocol was approved by the Institutional Review Board of Kansai Medical University, and written informed consent was obtained from each patient. The three groups of patients and the healthy volunteers were compared in terms of age, sex, and serum biochemistry data. Moreover, the levels of biomarkers were compared between the groups. Baseline data were obtained prior to TKI treatment.

Measurement of PDMPs
--------------------

PDMPs were measured using an ELISA kit (JIMRO Co., Ltd., Takasaki, Japan) that included monoclonal antibodies against glycoproteins CD42b and CD42a.[@b22-jbm-10-001] For the assay, 1.0 U/mL of PDMPs was defined as the amount of PDMPs obtained from 24,000 solubilized platelets/mL. Blood samples (2 mL) were collected from the peripheral veins of control and CML patients into vacutainers containing EDTA--acid citrate dextrose (NIPRO Co., Ltd., Osaka, Japan) using 21-gauge needles to minimize platelet activation. The samples were gently mixed by inversion and maintained at room temperature for a maximum of 2--3 hours. Immediately after centrifugation at 8,000× *g* for 5 minutes, 200 µL of supernatant was carefully collected from the upper layer of each sample to avoid platelet contamination and then stored at −40°C until analysis. PDMP levels were measured twice per sample, and the mean values were recorded.

Measurement of cytokines and soluble molecules
----------------------------------------------

Blood samples from fasted CML patients and controls were collected into tubes with sodium citrate and allowed to clot at room temperature for a minimum of 1 hour. Citrated plasma was isolated by centrifugation at 1,000× *g* for 20 minutes at 4°C and stored at --30°C until analysis. Plasma concentrations of IL-6, TGFβ~1~, and sVCAM-1 were measured using monoclonal antibody-based ELISA kits (Thermo Fisher Scientific, Waltham, MA, USA), and sCTLA-4 was measured using an ELISA kit from BioLegend, Inc. (San Diego, CA, USA). The recombinant products and standard solutions provided with the commercial kits were used as positive controls in each assay. All kits were used according to the manufacturer's instructions.

Biomarker cutoff values
-----------------------

The most suitable cutoff level of each biomarker was set based on a receiver operating characteristic (ROC) curve. Each ROC analysis was performed using the false-positive rate as the vertical axis and the sensitivity as the cross axis. The optimal cutoff value for 28-day mortality was calculated using biomarkers selected in multivariate logistic regression.

Assessment of LGLs
------------------

Complete blood cell counts were routinely performed before the initiation of imatinib, nilotinib, or dasatinib treatment and every month thereafter. The morphology of peripheral blood leukocytes was analyzed by microscopic examination of May--Grünwald--Giemsa-stained smears. LGLs were defined as described previously.[@b11-jbm-10-001],[@b23-jbm-10-001]

Treatment and safety assessment
-------------------------------

All TKIs were administered as monotherapy, and dose selection was performed according to the patient's condition. For example, imatinib was typically administered at a dose of 400 mg daily with dose elevations up to 600 mg, nilotinib was typically administered at a dose of 400 mg daily, and dasatinib was typically administered at a dose of 100 mg daily with dose elevations up to 140 mg. Adverse events were assessed via laboratory examinations, including blood cell counts, assessment of liver and renal function, and physical examination. Chest radiographs were routinely examined after the initiation of dasatinib.

Statistics
----------

Data are expressed as the mean ± SD. Between-group comparisons were analyzed using Scheffe's test, and *P*-values of less than 0.05 were considered statistically significant. All analyses were performed using the StatFlex program (ver. 6).

Results
=======

The demographic and clinical characteristics of patients are shown in [Table 1](#t1-jbm-10-001){ref-type="table"}. Age and sex were similar between the three groups of patients receiving different TKIs. Furthermore, there were no significant differences in the baseline laboratory data such as red blood cells, hemoglobin, white blood cells (WBCs), platelet count (Plt), aspartate aminotransferase, alanine aminotransferase, total bilirubin, lactate dehydrogenase (LD), and C-reactive protein between the TKI groups. After TKI treatment, the WBCs, Plt, and LD were significantly decreased at 2 months after therapy, whereas the other laboratory data did not exhibit significant changes (data not shown).

The plasma levels of IL-6, PDMPs, sVCAM-1, TGFβ~1~, and sCTLA-4 were compared between patients with CML and healthy volunteers ([Figure 1](#f1-jbm-10-001){ref-type="fig"}). The levels of PDMPs, sVCAM-1, and TGFβ~1~ were found to be significantly elevated in patients with CML compared with controls ([Figure 1B,C,D](#f1-jbm-10-001){ref-type="fig"}). However, there were no significant differences in the levels of IL-6 and sCTLA-4 observed between the two groups ([Figure 1 A--E](#f1-jbm-10-001){ref-type="fig"}).

The appearance of LGLs was examined at 6 months after TKI treatment ([Figure 2](#f2-jbm-10-001){ref-type="fig"}). No differences in lymphocytosis or the incidence of LGLs was observed between the imatinib and nilotinib groups ([Figure 3](#f3-jbm-10-001){ref-type="fig"}). However, significantly high lymphocytosis and a higher incidence of LGLs were observed in patients receiving dasatinib compared with those receiving either imatinib or nilotinib ([Figure 3](#f3-jbm-10-001){ref-type="fig"}).

The administration of each TKI significantly reduced the plasma concentrations of PDMPs, sVCAM-1, and TGFβ~1~ relative to baseline after both 2 and 6 months ([Table 2](#t2-jbm-10-001){ref-type="table"}). In particular, these changes in dasatinib-treated patients were remarkable compared with those in patients receiving imatinib or nilotinib ([Table 2](#t2-jbm-10-001){ref-type="table"}). In contrast, no significant differences in the levels of IL-6 or sCTLA-4 were observed in any of the patient groups ([Table 2](#t2-jbm-10-001){ref-type="table"}).

We divided the dasatinib patients into two subgroups according to the level of lymphocytosis observed at 6 months after dasatinib treatment: a low lymphocyte (LL) group and a high lymphocyte (HL) group. The HL group showed a significant reduction in the plasma concentration of sCTLA-4 compared with the LL group (*P*\<0.05; [Figure 4](#f4-jbm-10-001){ref-type="fig"}).

Discussion
==========

Although the introduction of TKIs has greatly improved the outcomes in patients with CML, some do still progress from the chronic phase, and the prognosis of these patients remains poor.[@b24-jbm-10-001] Various types of TKIs are currently available, each with specific characteristics.[@b25-jbm-10-001] In the present study, we investigated the specific influence of dasatinib therapy on the immune system of patients with CML.

We measured the serum levels of various biomarkers related to immune system or vascular function in patients with CML. Many patients exhibited elevated levels of PDMPs, sVCAM-1, and TGFβ~1~, and the levels of these markers were significantly reduced following dasatinib treatment.

PDMPs play an important role in the clotting process, so an increase in PDMPs is likely to cause hypercoagu-lability.[@b18-jbm-10-001],[@b26-jbm-10-001] Because PDMPs promote the expression of adhesion molecules by monocytes and endothelial cells,[@b19-jbm-10-001],[@b26-jbm-10-001] it is possible that they may participate in the development or progression of vascular dysfunction.[@b19-jbm-10-001] Villmow et al[@b27-jbm-10-001] previously reported the elevation of platelet activation and vascular dysfunction-related biomarkers such as sVCAM-1 in patients with CML. In the present study, dasatinib therapy significantly decreased the levels of PDMPs and sVCAM-1. Dasatinib has also been reported to induce platelet dysfunction in patients with CML[@b28-jbm-10-001] and to inhibit platelet formation.[@b29-jbm-10-001] These findings are in agreement with the results presented in the current study.

TGFβ~1~ has been described as a platelet-related biomarker. Previous studies have shown that thrombocytopenic patients with improved Plt after treatment with immunosuppressive drugs, high-dose dexamethasone, intravenous immunoglobulin, or splenectomy have increased TGFβ~1~ levels.[@b30-jbm-10-001],[@b31-jbm-10-001] Therefore, dasatinib might decrease TGFβ~1~ levels via the inhibition of platelet generation.

An interesting phenomenon observed during dasatinib therapy is the increased incidence of LGLs.[@b10-jbm-10-001],[@b11-jbm-10-001] In addition, Kreutzman et al[@b32-jbm-10-001] reported that dasatinib-associated LGLs contribute to the link between elevated levels of cytokines/chemokines and favorable outcome in dasatinib-treated CML patients. LGLs represent 10%--15% of the total peripheral blood mononuclear cells in normal adults,[@b33-jbm-10-001] and play an essential role in acquired immunity against viral infections and neoplasm development.[@b34-jbm-10-001] In the present study, CML patients receiving dasatinib had elevated levels of LGLs compared with those receiving imatinib. There are several potential explanations for this observation, including an inhibition of Treg function.[@b10-jbm-10-001],[@b11-jbm-10-001] In the present study, we determined the serum levels of sCTLA-4 and TGFβ~1~ as Treg-related biomarkers. Although dasatinib treatment caused a reduction in TGFβ~1~, the sCTLA-4 levels did not change significantly after dasatinib treatment. However, a significant reduction in the plasma concentration of sCTLA-4 was observed in the HL group compared with the LL group, indicating that the increase in lymphocytes is closely related to the reduction in sCTLA-4 level. While we could not directly clarify the relationship between the level of sCTLA-4 and LGLs, our data suggest that the LGL level is very likely to be related to the sCTLA-4 level, because the LGLs showed the same level change as the lymphocyte ([Figure 3](#f3-jbm-10-001){ref-type="fig"}). Although sCTLA-4 specifically inhibits early T-cell activation by blocking the interaction of CD80/CD86 with costimulatory receptor CD28, the biological significance of increased sCTLA-4 in serum remains unclear.[@b35-jbm-10-001] However, the loss of sCTLA-4 appears to impair the function of Treg cells.[@b36-jbm-10-001] Our results suggest that the functional decline of Tregs reflected by a reduction in sCTLA-4 levels leads to the elevation of LGLs observed during dasatinib therapy.

TGFβ~1~ is an important inhibitor of B-cell proliferation and autoantibody production.[@b37-jbm-10-001] In addition, it suppresses certain Th2- and Th2 cell-mediated autoimmune diseases,[@b38-jbm-10-001] potentially via its ability to modulate Tregs. TGFβ~1~ has been shown to induce the conversion of Foxp3-negative T cells to Foxp3-positive Tregs and is essential for the maintenance of Treg function.[@b39-jbm-10-001] In addition, PDMPs can derive Treg proliferation in the presence of TGFβ~1~.[@b40-jbm-10-001] Therefore, our data indicate that the functional decline of Treg cells observed during dasatinib therapy may be modulated via PDMPs and TGFβ~1~.

This study has two potential strengths. First, we showed that the levels of PDMPs, sVCAM-1, and TGFβ~1~ were significantly elevated in patients with CML, and that these elevated levels were reduced following TKI treatment, particularly with dasatinib. Second, we showed that the elevation of LGLs was significantly higher during dasatinib therapy compared with during imatinib or nilotinib therapy, and that this effect may be related to a reduction in the sCTLA-4 level. However, this study also has several limitations. First, the number of included patients was small. Second, the detection of Tregs using specific surface markers and flow cytometry was not performed. Third, we were unable to assess the relationship between the evaluated biomarkers and the therapeutic effects of dasatinib. Dasatinib frequently causes pleural effusion, suggesting that pleural effusion may be associated with the increase in LGLs or with the therapeutic effects of dasatinib. Fourth, we could not study the correlation between the levels of plasma cytokines and the leukemic cell burden, because the BCR--ABL levels were not measured at each sample point. Larger and more specific studies would therefore be useful to validate our findings. Finally, we were unable to evaluate the therapeutic effects of LGLs in vitro. In vitro experiments using cell lines and LGLs, such as natural killer cells, would likely be beneficial.

Conclusion
==========

Patients with CML were found to have significantly elevated levels of PDMPs, sVCAM-1, and TGFβ~1~. Dasatinib caused a significant reduction in the levels of these markers and increased the incidence of LGLs compared with imatinib and nilotinib. In addition, the increase in LGLs was likely associated with a decrease in the sCTLA-4 level during dasatinib therapy. The assessment of these biomarkers in patients with CML may be beneficial during the administration of dasatinib therapy. However, larger clinical trials are required to verify these findings.
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![Comparison of specific biomarkers between CML patients and controls.\
**Notes: (A--E)** Number of samples: control, n=10; CML, n=67. Data are shown as the mean ± SD. *P*-value: CML vs control. N.S.: not significant.\
**Abbreviations:** CML, chronic myelogenous leukemia; IL-6, interleukin-6; PDMPs, platelet-derived microparticles; sCTLA-4, soluble cytotoxic T lymphocyte-associated antigen-4; sVCAM-1, soluble vascular cell adhesion molecule-1; TGFβ~1~, transforming growth factor β~1.~](jbm-10-001Fig1){#f1-jbm-10-001}

![Microscopic examination of LGLs.\
**Notes:** The morphology of peripheral blood leukocytes at 6 months after dasatinib treatment was analyzed microscopically using May--Grünwald--Giemsa-stained smears. Arrows indicate LGLs.\
**Abbreviation:** LGLs, large granular lymphocytes.](jbm-10-001Fig2){#f2-jbm-10-001}

![Lymphocytes and LGLs at 6 months after dasatinib treatment.\
**Notes:** Number of lymphocytes: imatinib, n=25; nilotinib, n=18; dasatinib, n=24. Number of LGLs: imatinib, n=9; nilotinib, n=7; dasatinib, n=19. Between-group comparisons were analyzed using Scheffe's test. Bars show the mean ± SD. \**P*-values are for comparison between TKIs. N.S.: not significant.\
**Abbreviations:** LGLs, large granular lymphocytes; TKIs, tyrosine kinase inhibitors.](jbm-10-001Fig3){#f3-jbm-10-001}

![Differences in the sCTLA-4 level between the LL group and the HL group at 6 months after dasatinib treatment.\
**Notes:** Between-group comparisons were analyzed using Scheffe's test. Bars indicate the mean.\
**Abbreviations:** HL, high lymphocyte; LL, low lymphocyte; sCTLA-4, soluble cytotoxic T lymphocyte-associated antigen-4.](jbm-10-001Fig4){#f4-jbm-10-001}

###### 

Demographic and clinical characteristics of patients

                     Patients                
  ------------------ ----------- ----------- -----------
  Age (years)        53.1        49.8        54.5
  Sex, male/female   19/6        15/3        20/4
  RBCs (×10^4^/μL)   466±93      454±96      432±82
  Hb (g/dL)          12.4±3.3    12.8±3.1    12.5±2.9
  WBCs (×10^2^/μL)   713±531     796±648     772±585
  Plt (×10^4^/μL)    49.5±28.7   55.9±33.4   57.4±31.2
  AST (U/L)          29±9        31±9        28±7
  ALT (U/L)          25±6        28±5        24±8
  T-BIL (mg/dL)      0.64±0.27   0.71±0.25   0.68±0.22
  LD (U/L)           507±269     537±288     521±274
  CRP (mg/dL)        0.53±0.47   0.58±0.74   0.56±0.69

**Note:** Data are shown as the mean ± SD.

**Abbreviations:** ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP, C-reactive protein; Hb, hemoglobin; LD, lactate dehydrogenase; Plt, platelet count; RBCs, red blood cells; T-BIL, total bilirubin; TKI, tyrosine kinase inhibitor; WBCs, white blood cells.

###### 

Plasma concentrations of IL-6, PDMPs, sVCAM-1, TGFβ~1~, and sCTLA-4 during TKI treatment of CML patients

                    Patients                                                                                                                                                                     
  ----------------- -------------------------------------------------------- -------------------------------------------------------- ---------------------------------------------------------- -------------
                                                                                                                                                                                                 
  IL-6 (pg/mL)      0                                                        6.2±4.2                                                  7.1±4.9                                                    5.7±3.9
  2M                5.9±3.9^N.S.^                                            6.5±4.3^N.S.^                                            5.2±3.7^N.S.^                                              
  6M                5.8±3.6^N.S.^                                            6.6±4.7^N.S.^                                            5.3±4.1^N.S.^                                              
                                                                                                                                                                                                 
  PDMPs (U/mL)      0                                                        49.8±13.3                                                52.9±15.8                                                  45.2±13.6
  2M                41.3±14.7^N.S.^                                          45.3±16.7^N.S.^                                          32.1±9.2[\*](#tfn4-jbm-10-001){ref-type="table-fn"}        
  6M                29.4±12.6[\*](#tfn4-jbm-10-001){ref-type="table-fn"}     36.8±13.2[\*](#tfn4-jbm-10-001){ref-type="table-fn"}     18.2±7.1[\*\*](#tfn5-jbm-10-001){ref-type="table-fn"}      
                                                                                                                                                                                                 
  sVCAM-1 (pg/mL)   0                                                        1.814±713                                                1.957±433                                                  2.160±454
  2M                1.456±621[\*](#tfn4-jbm-10-001){ref-type="table-fn"}     1.644±836^N.S.^                                          1.210±723[\*\*](#tfn5-jbm-10-001){ref-type="table-fn"}     
  6M                1.124±569[\*\*](#tfn5-jbm-10-001){ref-type="table-fn"}   1.245±582[\*](#tfn4-jbm-10-001){ref-type="table-fn"}     898±428[\*\*\*](#tfn6-jbm-10-001){ref-type="table-fn"}     
                                                                                                                                                                                                 
  TGFβ~1~ (pg/mL)   0                                                        6.823±1.930                                              5.964±1.850                                                6.420±1.710
  2M                5.540±2.280[\*](#tfn4-jbm-10-001){ref-type="table-fn"}   4.810±2.130^N.S.^                                        3.750±1.920[\*](#tfn4-jbm-10-001){ref-type="table-fn"}     
  6M                4.890±2.360[\*](#tfn4-jbm-10-001){ref-type="table-fn"}   4.170±1.640[\*](#tfn4-jbm-10-001){ref-type="table-fn"}   2.680±1.650[\*\*](#tfn5-jbm-10-001){ref-type="table-fn"}   
                                                                                                                                                                                                 
  sCTLA-4 (pg/mL)   0                                                        218±45                                                   224±56                                                     213±49
  2M                223±59^N.S.^                                             206±70^N.S.^                                             208±66^N.S.^                                               
  6M                216±62^N.S.^                                             220±64^N.S.^                                             209±52^N.S.^                                               

**Notes:** "n" includes the number of patients who agreed to special examinations. Data are shown as the mean ± SD. Comparisons were analyzed using Scheffe's test. 0: before; M: months (after). *P*-values are for comparisons with each baseline parameter (0 vs 2M and 6M). N.S.: not significant;

*P*\<0.05;

*P*\<0.01;

*P*\<0.001.

**Abbreviations:** CML, chronic myelogenous leukemia; IL-6, interleukin-6; PDMPs, platelet-derived microparticles; sCTLA-4, soluble cytotoxic T lymphocyte-associated antigen-4; sVCAM-1, soluble vascular cell adhesion molecule-1; TGFβ~1~, transforming growth factor β~1~; TKI, tyrosine kinase inhibitor.
